A comparative exergoeconomic analysis is reported for waste heat recovery from a gas turbine-modular helium reactor (GT-MHR) using various configurations of organic Rankine cycles (ORCs) for generating electricity. The ORC configurations studied are: a simple organic Rankine cycle (SORC), an ORC with an internal heat exchanger (HORC) and a regenerative organic Rankine cycle (RORC). Exergoeconomic analyses are performed with the specific exergy costing (SPECO) method. First, energy and exergy analyses are applied to the combined cycles. Then, a cost-balance, as well as auxiliary equations are developed for the components to determine the exergoeconomic parameters for the combined cycles and their components. The three combined cycles are compared considering the same operating conditions for the GT-MHR cycle, and a parametric study is done to reveal the effects on the exergoeconomic performance of the combined cycles of various significant parameters, e.g., turbine inlet and evaporator temperatures and compressor pressure ratio. The results show that the GT-MHR/RORC has the lowest unit cost of electricity generated by the ORC turbine. This value is highest for the GT-MHR/HORC. Furthermore, the GT-MHR/RORC has the highest and the GT-MHR/HORC has the lowest exergy destruction cost rate.
Introduction
The world faces numerous sustainability challenges. Energy is necessary for economic and social development and increasing the quality of life. Much of the world's energy is currently produced and consumed in ways that cannot be sustained. Although global energy resources are decreasing, the amount of energy needed by people is increasing. The dependency of humanity on energy is increasing, due to improving technology and increases in the living standards of people in the world. This situation is becoming increasingly important. One approach to overcoming this problem is to develop and improve renewable energy sources. Another approach is to improve conventional energy converting systems, so that they efficiently utilize all the energy that can be obtained from a source [1, 2] .
Among highly efficient power producing systems, gas-cooled reactors (GCRs) and, especially, modular helium reactors (MHRs) have had a lot of attention paid to them in recent years, because of their resistance to proliferation, good safety, sustainability and low costs of operation and maintenance [3] . The working fluid (helium) in the gas turbine modular helium reactor (GT-MHR) is compressed in two sequential stages. Cooling the helium before compression processes is favorable, as a reduction in the compressor inlet temperature reduces the required compression work. A large amount of low-grade heat is rejected to a heat sink in this process [4] . This is a potentially advantageous energy source for organic Rankine cycles for electrical power generation [5] .
ORCs, compared to other bottoming cycles, have many promising features. One of the interesting features of working fluids used in ORCs (compared to water in the Rankine cycle) is their relatively low enthalpy drop through the expander, which reduces gap losses and, in turn, increases the turbine adiabatic efficiency. Another advantage of these cycles is having superheated vapor at the turbine exit, which avoids droplet corrosion and permits fast start-up and reliable operation for the ORC [6, 7] .
Recently, some research has focused on the use of the GT-MHR waste heat for electrical power generation in ORC cycles. Yari and Mahmoudi [5] proposed a combined cycle in which waste heat from the GT-MHR precooler and intercooler are used separately to drive two ORCs for power generation. In that work, the energy and exergy efficiencies of the combined cycle were both shown to be around 3 percentage-points greater than for the GT-MHR cycle. Yari and Mahmoudi also investigated the combinations of three configurations of ORCs with the GT-MHR cycle and concluded that, from a thermodynamic viewpoint, the simple ORC is the best for combination with the GT-MHR [8] .
A combination of thermodynamic and economic principles is taken in to consideration in the analysis and optimization of energy conversion systems. The second law of thermodynamics plays an important role in this regard. The combination forms the basis of the relatively new field, called exergoeconomics (or thermoeconomics). In exergoeconomics, the costs associated with thermodynamic inefficiencies are taken in to account in calculating the total product cost for the system [9] . Exergoeconomics ascertain that exergy and not energy should be used in assessing monetary costs associated with the energy interactions between a system and its surrounding and also with the causes of thermodynamic inefficiencies [10] .
Much exergoeconomic research has been reported in the literature for energy conversion systems. Sahoo presented an exergoeconomic analysis and optimization by the evolutionary programming of a cogeneration system that produced 50 MW of electrical power and 15 kg/s of saturated steam at 2.5 bar. The product cost under the optimized condition was found to be 9.9% lower than that for the base case, and this is attained with a 10% higher capital investment [11] . An exergoeconomic performance assessment of a diesel engine-based combined heat and power (CHP) system is reported by Mohammadkhani et al. , who state that their objective function under the optimized condition was about 8% lower than that obtained for the base case [12] . Abusoglu and Kanoglu provided a general review for an exergoeconomic analysis/optimization of combined heat and power systems, including various exergoeconomic and optimization methods [13] .
In the present work, employing different configurations of ORCs for the utilization of waste heat from the precooler of the GT-MHR are examined from an exergoeconomic viewpoint. The three considered ORC configurations are: the simple organic Rankine cycle (SORC), ORC with an internal heat exchanger (HORC) and the regenerative organic Rankine cycle (RORC). First, energy and exergy analyses of combined GT-MHR/ORC cycles are performed. Then, a cost-balance, as well as auxiliary equations are developed for the components and exergoeconomic parameters of the combined cycles, and their components are calculated. Lastly, a parametric study is performed to reveal the influences of several important parameters on the exergoeconomic performance of the combined cycles.
Configurations of GT-MHR/ORC Combined Cycles
A schematic diagram of the turbine-modular helium reactor/simple organic Rankine cycle (GT-MHR/SORC) is shown in Figure 1a . In this system, which has a capacity of 297.7 MW, the helium is first heated in the reactor and then expanded in the turbine to generate electrical power. Then, the helium flows through the recuperator, the evaporator and the precooler. The compressed helium from the low pressure (LP) compressor is cooled in the intercooler and compressed further in the high pressure (HP) compressor. From the HP compressor outlet, after being heated in the recuperator, the helium returns to the reactor core. As mentioned before, the helium is cooled in the evaporator and provides a large amount of thermal energy that is suitable for ORCs for electrical power generation [5] . Two other configurations of ORCs that are considered for this purpose include the ORC with an internal heat exchanger (HORC) and the regenerative organic Rankine cycle (RORC). Schematics of the GT-MHR/HORC and GT-MHR/RORC combined cycles are shown in Figure 1b ,c respectively. The working fluid of the ORCs is considered to be R123, because it is not harmful to the environment and has suitable thermophysical properties for use in the ORC [14] .
The following assumptions are made in this work:
 The combined cycles operate in a steady-state condition.  Pressure drops through pipes are negligible.  Isentropic efficiencies for the turbines and pumps in the ORCs are 80% and 85%, respectively.  Changes in kinetic and potential energies are neglected.  The effectiveness of the intercooler, the recuperator and the precooler is considered to be 90%. 
Exergoeconomic Analysis
Various exergoeconomic approaches have been reported in the literature [13] . In the present work, we use the specific exergy costing (SPECO) method [15] . This method is based on the specific exergies and costs per unit exergy, exergy efficiencies and auxiliary costing equations for the components of thermal systems.
Application of SPECO Method to the System
There are three main steps in the SPECO method, as follows: (i) quantifying the energy and exergy streams; (ii) defining the fuel and product for components; and (iii) considering the cost balance equations [15] .
Modeling
Mass, energy and exergy balances for steady-state systems follow [16] :
where subscripts i and e denote the control volume inlet and outlet, Ė D is the exergy destruction rate in the component, Ė Q is the exergy rate associated with a heat transfer rate and Ė W is the exergy rate associated with mechanical power. The specific physical and chemical exergy, respectively, of a stream are calculated as follows [17] :
where X i and e ch,i are the mole fraction and specific chemical exergy of working fluid, i, through a component, respectively.
For each component and for the combined cycles, the exergy efficiency is expressed as [5, 17] :
where Core is the produced energy in the reactor core. A thermodynamic model developed for the combined cycles with two organic Rankine cycles has been described previously by the authors [8] . The input parameters used in the simulation are listed in Table 1 . Table 1 . Parameters used in the simulation. Simulation of the combined cycles is performed using Engineering Equation Solver (EES) [18] .
Defining the Fuel and Product for Each Component
In applying the SPECO approach, the fuel and product are defined for each component. The fuel denotes the resources required to generate the product, and the product is what we want from a component. Both the fuel and the product are expressed in terms of exergy [12] .
Cost Balances
A cost balance states that the sum of all exiting exergy stream cost rates equals the sum of all entering exergy stream cost rates plus the cost rate of the capital investment and operating and maintenance costs (Ż k ). The prediction of the capital investment cost is significant in an economic analysis. In this regard, using vendor quotations or consulting with cost engineers is probably the most precise method. In consulting with cost engineers, after each design modification, the necessary thermodynamic data is submitted to the cost engineer to determine the new purchased-equipment costs. For simplicity, however, in the present work, the cost functions available in the literature are used assuming that the cost values provided by the cost engineer are in agreement with the corresponding values calculated from the cost functions [19] . The cost functions for different components are functions of the parameters important to the component, i.e., the pressure ratio in compressor or turbine and the heat transfer area in heat exchangers. Considering the recuperator, the evaporator, the precooler and the intercooler as heat exchangers, equations for calculating the capital investment of the components can be expressed as described below [12, 20] .
For the turbine:
For the compressor:
For the pump:
For the condenser:
For the recuperator, the evaporator, the precooler, the intercooler and the internal heat exchanger:
It should be noted that it is assumed that the open feed organic fluid in the RORC does not impose a capital cost on the system, as it only mixed two streams. The reactor core capital cost and the cost of nuclear reactor fuel are taken to be $371/kW th (based on data for the year 2003) and $8/MWh, respectively [8, 21] . To convert the capital investment into the cost per time unit, one can write [12] :
where φ is the maintenance factor (1.06), N is the number of system operating hours in a year (7446 h) and CRF is the capital recovery factor, which can be written as:
Here, i is the interest rate (assumed to be 10%) and n is the system life (assumed to be 20 years). Now, a parameter, called flow cost rate Ċ ($/s), is defined for each stream, and the cost balance for a component receiving heat and producing power is written as [19] :
where i and e indicate the entering and exiting streams for component k.
In order to estimate the exergy destruction cost in system components, we should solve the cost balance equations developed for the system. Generally, if we have N exergy streams that exit from a component, there are N unknowns and only one equation; the cost balance. Thus, (N − 1) auxiliary equations are needed. The auxiliary equations are formulated using the F (fuel) and P (product) principles of the SPECO approach [15] .
By developing the cost balance equation and auxiliary equations (according to F and P rules) for each component, we obtained a linear system of equations. Solving this gives the costs of unknown streams. The exergoeconomic assessment of systems is accomplished using exergoeconomic parameters. These parameters include the average cost per unit exergy of fuel (c F,k ), the average cost per unit exergy of product (c P,k ), the cost flow rate associated with the exergy destruction (Ċ D ) and the exergoeconomic factor (f k ). Mathematically, exergoeconomic parameters are expressed as [19] :
A higher value of the exergoeconomic factor, f k , suggests purchasing a less expensive component at the expense of exergy destruction (fuel) cost.
Results and Discussion

Exergoeconomic Analysis
The cost rates associated with the exergy values of the streams of the combined cycles are presented in Table 2 . This table shows that the cost rate of power produced by the GT-MHR turbine is calculated to be $6.843/s for the GT-MHR/SORC and GT-MHR/HORC, and it is $6.837/s for the GT-MHR/RORC. The value of the cost rate of power produced by the ORC turbine is determined to be $0.458/s, $0.461/s and $0.449/s for GT-MHR/SORC, GT-MHR/HORC and GT-MHR/RORC, respectively. Furthermore, Table 2 indicates that the nuclear fuel cost rate has an important contribution to the power production cost. It is found to be $2.424/s for GT-MHR/SORC and $2.422/s for the two other combined cycles. Table 2 . Cost of streams in the combined cycles. Table 3 shows the important exergy and exergoeconomic parameters for different components of the three combined cycles. Table 3 . Important exergy and exergoeconomic parameters of the combined cycles. Table 3 shows that the reactor core has the highest value of Ċ D among the other components in all three combined cycles. The f value of this component is almost 45.5% and indicates that the exergy destruction cost in this component dominates the owning and operating cost. Furthermore, the reactor core has the highest value of exergy destruction in combined cycles.
State No. GT-MHR/SORC GT-MHR/HORC GT-MHR/RORC
After the reactor core, the recuperator has the highest value of Ċ D . The very low value of f for this component indicates that the exergy destruction cost rate of the recuperator is significantly higher than the owning and operating cost rate for it. Thus, selecting more expensive components will be helpful in improving the exergoeconomic performance. This can be performed through increasing the heat transfer area. The relatively higher value of exergy destruction in the recuperator is mainly due to the temperature differences between the recuperator streams.
The exergoeconomic factor and exergy efficiency for the GT-MHR turbine are found to be almost 55% and 97%, respectively, in all three combined cycles. Therefore, the exergy and exergoeconomic performance of this component is satisfactory. Considering the lower values of power production by the ORC turbine, its contribution in the system total cost will be low.
The relatively higher value of Ċ D and the very low value of f for the HP and LP compressors suggest that greater capital investments are appropriate, i.e., higher values of the pressure ratio and isentropic efficiency.
The precooler, the intercooler and the condenser of the combined cycles have low values of the exergoeconomic factor. Therefore, increasing the capital investment of these components is suggested from the exergoeconomic viewpoint.
Changes in the exergoeconomic parameters of the pumps, internal heat exchanger and open feed organic fluid do not notably affect the exergoeconomic performance of the system, as the values of Ċ D associated with these components are the lowest of the combined cycles.
Among three combined cycles, the GT-MHR/RORC has the highest value and the GT-MHR/HORC has the lowest value of the exergy destruction cost rate. The exergoeconomic factor is determined to be 38.1%, 38.22% and 37.85% for the GT-MHR/SORC, GT-MHR/HORC and GT-MHR/RORC, respectively. This means that in all three cycles, the associated cost of the exergy destruction dominates the capital investment. Therefore, in general, an increase in the capital costs of the components improves the exergoeconomic performance of the combined cycles.
The comparison for three cycle performances has been carried out with the temperature ranges mentioned in the assumptions. However, the calculations using extended temperature ranges confirm the obtained comparison results.
Parametric Study
In this section, a parametric study is done to study the effects on the important exergoeconomic parameters of the system, such as the compressor pressure ratio, PR C , the turbine inlet temperature, T 1 , and the temperature of the evaporator, T E . The important exergoeconomic parameters are: the unit cost of electricity produced by the ORC turbine, c W,T,ORC , and the total exergy destruction cost rate, Ċ D,total . Increasing T 1 increases both the Ẇ T,ORC and Ċ W,T,ORC . However, these variations are such that the net effect is an increase in c W,T,ORC , as shown in Figure 2a . Furthermore, this figure shows that the GT-MHR/RORC has the lowest c W,T,ORC .
As shown in Figure 2b , increasing T 1 decreases Ċ D,total . This is mainly due to a considerable decrease in the reactor core exergy destruction cost, which constitutes about 60% of the total exergy destruction cost (see Table 3 ). This trend is the same in all three combined cycles. It should be noted that although an increase in turbine inlet temperature results in a decrease of the total exergy destruction cost rate, it causes an increase in the unit cost of electricity produced by the ORC turbine. Thus, in practice, a lower value of T 1 is recommended.
The variations of c W,T,ORC and Ċ D,total with the compressor pressure ratio are shown in Figure 3 . (a) (b) Both the Ẇ T,ORC and Ċ W,T,ORC have a minimum value with respect to the PR C . As a result, c W,T,ORC is minimized at a particular value of PR C , as shown in Figure 3a .
As PR C increases, the exergy destruction and its associated cost decreases for some components and increases for others. The net effect is shown in Figure 3b . Figure 4 shows the effects of T E on important exergoeconomic parameters for three considered combined cycles. The effect of T E on c W,T,ORC is similar to that for PR C . However, in this case, the minimum occurs at high evaporator temperatures.
Furthermore, the exergy destruction cost is minimized at particular values of T E , as shown in Figure 4b . The reason for this is that, as T E increases, the enthalpy drops of the working fluids across the ORC turbines increase, while their mass flow rates decrease. However, the net effect is the maximization of the produced power and, consequently, the exergy efficiency of ORC at the mentioned value of T E . Maximum exergy efficiency means minimum exergy destruction and its associated costs. From the above explanation, it is revealed that both the PR C and the T E have optimum values from the exergoeconomic viewpoint and a lower or a higher value of these parameters results in a higher unit cost of electricity produced by the ORC turbine.
Conclusions
A comparative exergoeconomic analysis of waste heat recovery from a gas turbine-modular helium reactor (GT-MHR) using various configurations of organic Rankine cycles (ORCs) for electrical power production is successfully performed. For this purpose, energy and exergy analyses of combined GT-MHR/ORC cycles are performed. Then, cost balances and auxiliary equations are developed for the components, and the exergoeconomic parameters are calculated for the components and the entire combined cycles. Finally, a parametric study is performed to reveal the effects of the selected parameters on the exergoeconomic performance of the combined cycles. The considered organic Rankine cycles for electrical power production are: the simple organic Rankine cycle (SORC), ORC with an internal heat exchanger (HORC) and the regenerative organic Rankine cycle (RORC).
The results show that the reactor core has the highest value of the exergy destruction cost rate among the other components in all three combined cycles. The GT-MHR/RORC has the highest value of the exergy destruction cost rate and the lowest value of the unit cost of electricity produced by the ORC turbine. These results are reversed for GT-MHR/HORC. Furthermore, a parametric study shows that increasing the turbine inlet temperature increases the unit cost of electricity produced by the ORC turbine and decreases the exergy destruction cost rate; however, these exergoeconomic parameters have a minimum value with respect to the compressor pressure ratio and evaporator temperature in all three combined cycles.
The results of the present work can be used as a basis for the exergoeconomic optimization of the considered combined cycles.
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